Listeria monocytogenes has been known to be a human pathogen for more than 50 years. Fetuses, newborns, the elderly, and immunocompromised individuals are especially at risk of L. monocytogenes infection (23) . Increased reports of human listeriosis in the last few decades and the direct association of many cases with contaminated foods have generated much interest in the etiologic agent, L. monocytogenes (5) . In a recent survey workers found that the annual incidence of listeriosis was 7.4 cases per million people in the United States (23) . Of the 13 known serotypes of L. monocytogenes, many of which are found in foods or the environment, only 3 (serotypes 1/2a, 1/2b, and 4b) are associated with the majority of human listeriosis cases. Serotype 4b accounts for 40% of sporadic listeriosis cases (44) . L. monocytogenes is capable of growing over wide ranges of temperature (1 to 45°C), pH (pH 5 to 9), and osmolarity (1 to 10% NaCl), which makes this bacterium an ideal postprocessing food-contaminating agent (35, 39) . Several reports have described the presence of L. monocytogenes in vegetable, dairy, and some meat products (19, 21, 29) . One of the first documented cases of Listeria-contaminated seafood involved the detection of Listeria sp. in crabmeat in 1987. A review of the incidence of L. monocytogenes in fish and seafood has recently been published (30) . Listeriosis is also of major veterinary importance, and the primary clinical manifestations in cattle are abortion, encephalitis, and mastitis (39) .
Several molecules associated with L. monocytogenes have been implicated as potential virulence factors; these include listeriolysin (LLO) and phosphatidylcholine-specific phospholipase C (PC-PLC), also known as lecithinase. LLO is a 58.6-to 60-kDa extracellular protein which is encoded by the hly gene and is a member of the sulfydryl (SH)-activated group of bacterial toxins expressed by diverse species of gram-positive bacteria. Listeria ivanovii produces a similar toxin, ivanolysin (ILO). LLO and ILO are the only thiol-activated toxins produced by intracellular bacteria (27, 36) . A gene located in the lecithinase operon, plcB, encodes PC-PLC, which hydrolyzes phosphatidylcholine (lecithin); hence, this compound is considered a lecithinase. Phospholipase C enzymes have been isolated from a variety of grampositive and gram-negative bacteria.
Listerial lecithinase catalyzes the hydrolysis of a broad spectrum of phospholipids, including phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and, to a lesser extent, sphingomyelin (25) . In L. monocytogenes, lecithinase is necessary for the breakdown of the two plasma membranes that surround the bacterium after it enters host cells and facilitates cell-to-cell spread during infection (13, 51) . PC-PLC is produced by all virulent strains of L. monocytogenes, while distinct lecithin degradation is not expressed by other Listeria spp. (13) .
Several detection systems have been developed to monitor the incidence of L. monocytogenes in foods. Some of the techniques, including isolation and identification of L. monocytogenes by conventional selective culture and biochemical methods, are very effective (9, 37) but time-consuming. New methods for rapid detection and identification of L. monocytogenes in foods in which monoclonal antibodies (MAbs) (3, 8, 38, 41) , DNA probes (15, 17, 33) , or DNA amplification is used in conjunction with PCR (2, 42) have been developed. Molecular biology has revolutionized our ability to detect nucleic acid sequences foreign to a host. Furthermore, the sensitivity and specificity of nucleic acid probes are unmatched in other methods. However, several concerns arise when nucleic acid probes are used for the detection of L. monocytogenes and subsequent determinations of virulence. Nucleic acid probes do not discriminate between living and dead organisms. In addition, nucleic acid probes only detect a gene; this detection does not necessarily indicate that the gene is being expressed (32) . For these reasons, we sought to produce MAbs against crucial virulence factors of strain EGD of L. monocytogenes for the purpose of determining the presence of the virulence factors in channel catfish isolates. [serovar 4]) were used in this study. Bacterial cultures that were to be analyzed for virulence factor production were cultivated on 5% sheep blood agar plates at 37°C for 24 h. Bacteria were harvested, washed, and inoculated into 250 ml of the improved minimal medium (IMM) described by Phann-Thanh and Gormon (43) at densities ranging from 10 5 to 10 6 CFU/ml. To enhance LLO and PC-PLC production, Chelex 100 beads (Bio-Rad Laboratories, Hercules, Calif.) were added to the medium at a final concentration of 0.2%, and the preparation was incubated overnight at 37°C in order to reduce the iron availability (10, 14) . The resin was removed by filtration through a 0.22-m-pore-size membrane filter prior to inoculation with bacteria. The cultures were incubated overnight with shaking at 37°C.
MATERIALS AND METHODS

Bacterial
Preparation of LEP. To produce Listeria extracellular proteins (LEP) from each strain, bacteria were grown in IMM aerobically overnight in a stirred bioreactor (Cytostir; Kontes, Vineland, N.J.) at 37°C. Each culture was terminated in the late log phase of growth, the cells were harvested by centrifugation at 3,200 ϫ g for 30 min at 4°C, and the supernatant fluid was filtered through a 0.22-m-pore-size membrane filter. Phenylmethylsulfonyl fluoride and EDTA were each added to the supernatant at a final concentration of 0.1 mM in order to inactivate proteases. To prevent oxidation, dithiothreitol was added at a final concentration of 1 mM. The filtered supernatant was then concentrated 20-fold by using an N 2 pressure-driven ultrafiltration cell equipped with a 20-kDa cutoff membrane (Spectrum Medical Industries, Inc., Houston, Tex.). The concentration of extracellular proteins was determined by the bicinchoninic acid method (Pierce Chemical Co., Rockford, Ill.). The concentrated extracellular proteins were stored at Ϫ20°C until they were needed.
MAb production. MAbs were generated by a method that is routinely used in our laboratory (1) and was adapted from previously described methods (22, 48) . The extracellular proteins of L. monocytogenes EGD that were used as antigens were concentrated by ultrafiltration from 18-h Chelex-treated IMM culture supernatants. Production of the proteins of interest was enhanced in this medium (43) , as determined by polyacrylamide gel electrophoresis analysis. Two RBF/Dn mice (Jackson Laboratories, Bar Harbor, Maine) were inoculated on five occasions at 2-week intervals. For the first three inoculations, the mice were injected subcutaneously with 7, 12, and 35 g of LEP, respectively, in TiterMax Gold adjuvant (CytRx Corporation, Norcross, Ga.). The last two inoculations (35 and 33 g) were intraperitoneal injections without adjuvant. When an intense antibody response was present, as determined by an enzyme-linked immunosorbent assay (ELISA) performed with serum, the fusion was done with one of the mice. Hybridomas were screened for reactions to the L. monocytogenes EGD LEP by performing an ELISA (1, 12, 20) . Positive hybridomas were expanded and were tested further by performing a Western blot analysis (4, 34) in which the LEP were used as test antigens. Based on the Western blot results, hybridomas were chosen for cloning and expansion. Once cloned, the MAbs were tested with the Western blot procedure again to confirm their reactivities with either LLO or PC-PLC. To confirm that our MAbs reacted with LLO, a comparison with an anti-LLO MAb, kindly supplied by P. Cossart of the Pasteur Institute (41), was made in a Western blot analysis (4). All MAbs were isotyped by using reagents obtained from Southern Biotech (Birmingham, Ala.), and 10 selected MAbs were used in the assays described below. All of the MAbs in hybridoma culture supernatants were stored at 4°C and contained 0.02% sodium azide.
Characterization of MAbs. One representative anti-LLO MAb and one anti-PC-PLC MAb were chosen for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (34) and Western blot (4) analyses in order to determine the presence of LLO and PC-PLC proteins in the seven L. monocytogenes strains described above. Extracellular proteins from each of the seven strains were electrophoresed on SDS-12.5% polyacrylamide gels and electroeluted onto nitrocellulose membranes, and the membranes were then probed with the representative MAbs.
Detection of thiol-activated toxins. An ELISA was performed to determine the specificities of the seven anti-LLO MAbs for ILO, seeligerolysin, streptolysin, perfringolysin, and cereolysin. For antigen production, we used L. monocytogenes ATCC 15313 and EGD, L. ivanovii ATCC 19119, Listeria seeligeri ATCC 35967, Clostridium perfringens ATCC 13124, a Streptococcus pyogenes diagnostic isolate, and a Bacillus cereus diagnostic isolate. The diagnostic isolates were obtained from the Mississippi State University College of Veterinary Medicine bacterial repository. Most of the bacterial strains were grown in charcoal-treated IMM (45) for 18 h at 37°C; the C. perfringens culture was incubated anaerobically for 36 h at 37°C. After incubation, all of the cultures were centrifuged at 10,000 ϫ g for 10 min at 4°C. The supernatants were collected, and the protein concentrations of the supernatants were determined by using the bicinchoninic acid method mentioned above. The culture supernatant of L. monocytogenes ATCC 15313 was used as a negative control. The ELISA plate wells were coated with a solution containing 10 g of protein from each bacterial culture per ml (100 ng/well). All of the MAbs were used in an ELISA performed by using standard procedures (1, 20) .
Detection of bacterial phospholipase C. The specificities of the three anti-PC-PLC MAbs for L. ivanovii ATCC 19119 and four other bacterial phospholipase C enzymes from C. perfringens ATCC 13124, the B. cereus diagnostic isolate, Staphylococcus aureus ATCC 25923, and a Rhodococcus equi diagnostic isolate were evaluated by ELISA and Western blot techniques. L. seeligeri ATCC 35967 culture supernatant was used as a negative control. The diagnostic isolates were obtained from the Mississippi State University College of Veterinary Medicine bacterial repository. The antigens used to coat the ELISA plate wells were prepared and the ELISA was performed as described previously. For immunoblotting, equal amounts of extracellular proteins from the bacterial strains were resolved on SDS-12.5% polyacrylamide gels, electroeluted onto nitrocellulose membranes, and probed with three anti-PC-PLC MAbs.
Effects of MAbs on the hemolytic activity of L. monocytogenes. Anti-LLO MAbs were examined to determine their ability to inhibit hemolytic activity by using a microtiter plate hemolysis test (41) . One hundred microliters of phosphatebuffered saline (pH 6) supplemented with 0.1% bovine serum albumin and 20 mM cysteine was added to each well of U-bottom microtiter plates. Serial twofold dilutions of each anti-LLO MAb were made across the columns of the plates. The last row of each plate was used as a positive control, and therefore no MAb was added to it. Fifty microliters of supernatant from an 18-h charcoaltreated IMM culture of L. monocytogenes EGD was added to each well. This amount of supernatant contained enough toxin to lyse all of the erythrocytes. After 10 min of incubation at 37°C, 50 l of a preparation containing 3% human erythrocytes (HRBC) was added to each well. The plates were incubated for an additional 30 min at 37°C and then centrifuged at 1,000 ϫ g for 3 min. Neutralization of hemolytic activity by MAbs was evaluated visually by looking for the presence of red cell pellets consisting of unlysed erythrocytes in the wells.
Effects of MAbs on the lecithinase activity of L. monocytogenes. Three anti-PC-PLC MAbs, designated PLC1, PLC2, and PLC3, were screened to determine their toxin-neutralizing potentials. This was accomplished by evaluating the abilities of the MAbs to inhibit the PC-PLC activity that is responsible for the formation of an opaque zone on egg yolk agar (24, 46) . In this assay, 100-l portions of supernatants from charcoal-treated peptone-glucose-yeast extract broth cultures of strains ATCC 15313 and HCC7 supplemented with 0.1 mM ZnSO 4 and 100-l portions of hybridoma culture supernatants containing the three MAbs were added to wells punched in egg yolk agar. Irrelevant MAb culture supernatants were added to the appropriate wells as negative controls. After the plates were incubated for 24 h at 37°C, neutralization of lecithinase activity was determined visually. In order to clarify if anti-PC-PLC MAbs neutralized the sphingomyelinase activity of L. ivanovii, a CAMP test was performed (11) . For this test, a blood agar plate was streaked vertically with R. equi. Near the vertically streaked R. equi, two wells were punched, and 100 l of sterile L. ivanovii culture supernatant was added to each well. One well also received an equal amount of anti-PC-PLC MAb. After 24 h of incubation, the plate was evaluated for neutralization of sphingomyelinase activity, which was characterized by the absence of the classic arrowhead-shaped zones of hemolysis.
RESULTS
Production and characterization of MAbs. Of the 200 wells from the fusion, 48 had positive ELISA reactions to LEP. In the primary screening analysis in which Western blotting was used, all of the culture supernatants recognized three proteins having molecular masses of approximately 29, 33, and 58 kDa. Based on the screening reactions, 24 hybridomas were chosen for cloning and expansion. After cloning, the MAbs were retested by performing Western blotting to confirm their reactivities with either LLO or PC-PLC. Screening of tissue culture supernatants obtained from cloned hybridomas yielded eight MAbs that reacted with the same 58-kDa antigen, as did an anti-LLO MAb supplied by P. Cossart (Pasteur Institute). One of the eight MAbs reacted weakly with LLO and was not tested further. An isotype analysis of the remaining seven anti-LLO MAbs revealed that SE2, SE3, SE4, SE5, and SE6 were immunoglobulin G1 (IgG1), while SE1 and SE8 were IgG3 (Table 1). All of the MAbs were -light-chain molecules. Three hybridomas produced MAbs that reacted only with the 29-kDa antigen. An isotype analysis of the three anti-PC-PLC MAbs revealed that all of them were IgG1 with light chains ( Table  2) . Table 1) . None of the MAbs reacted with strain ATCC 15313 culture supernatant. After positive ELISA reactions between MAbs SE2, SE3, SE4, SE5, and SE6 and culture supernatant of L. ivanovii were obtained, a Western blot analysis was done to confirm the cross-reactivity with ILO. In the Western blot analysis, MAbs SE1 and SE8 did not react with L. ivanovii culture supernatant, while the other MAbs (SE2, SE3, SE4, SE5, and SE6) cross-reacted with ILO ( Table  1 ). All of the L. monocytogenes strains except ATCC 15313 and CCF4 were positive for LLO production, as judged by MAb probing of Western blots (Fig. 1) . HCC7 was only weakly positive for LLO (Table 3) .
Detection of thiol-activated toxins. Two MAbs, SE1 and SE8, did not cross-react with the thiol-activated toxins produced by L. ivanovii, L. seeligeri, C. perfringens, S. pyogenes, and B. cereus. Five of the MAbs cross-reacted with L. ivanovii culture supernatant (
Detection of bacterial phospholipase C. The specificities of the three anti-PC-PLC MAbs for L. ivanovii phospholipase and four other bacterial phospholipases were determined by ELISA and Western blot techniques. The MAbs did not crossreact with the phospholipase of C. perfringens, B. cereus, S. aureus, or R. equi. Culture supernatant from L. seeligeri was used as a negative control. None of the MAbs cross-reacted with L. seeligeri. However, the anti-PC-PLC cross-reacted with L. ivanovii culture supernatant in the ELISA and Western blot analyses. The MAbs recognized a 27-kDa protein from L. ivanovii ( Fig. 2 and Table 2 ). All of the L. monocytogenes strains except CCF4 and HCC23 were positive for PC-PLC production based on Western blot results ( Fig. 3 and Table 3 ).
Effects of MAbs on the hemolytic activity of L. monocytogenes. The anti-LLO MAbs were capable of inhibiting LLOmediated lysis of HRBC to different degrees (Table 1) . Because the MAb concentrations of the tissue culture supernatants were not standardized, we did not attempt to determine neutralization titers. Isotype-matched negative control MAbs did not inhibit LLO-induced lysis of HRBC.
Effects of MAbs on the lecithinase activity of L. monocytogenes. All of the anti-PC-PLC MAbs neutralized PC-PLC-induced opacity on egg yolk agar caused by strains ATCC 15313 and HCC7 (Table 2 ). Three irrelevant negative control MAbs did not neutralize PC-PLC-induced opacity on egg yolk agar caused by culture supernatants of strains ATCC 15313 and HCC7. Wells containing only strain ATCC 15313 culture supernatant (as a positive control) resulted in a larger opacity zone than the strain HCC7 zone. A modified CAMP test was used to assess the capability of anti-PC-PLC MAbs to neutralize the sphingomyelinase activity of L. ivanovii. After the incubation period, the characteristic arrowhead-shaped zone of hemolysis observed with the positive control was not present around the anti-PC-PLC MAb well (Fig. 4) .
DISCUSSION
The fact that food products have been implicated in epidemics of listeriosis suggests that there is a need to develop detection systems to monitor the incidence of L. monocytogenes in foods. Currently, Listeria spp. are detected by using microbiological culture methods that can take as long as 3 weeks to determine if food products are Listeria free (44) . New detection systems in which MAbs (3, 8, 31, 47) , nucleic acid probes (15) (16) (17) , and PCR (2, 6) are used are more efficient, rapid methods for detecting Listeria spp. in food. However, all of these techniques have some drawbacks. There is some evi- (17); however, this drawback has been overcome in the 1990s. The presence of polymerase inhibitors in foods and the mechanical problems associated with extracting low numbers of bacteria from a food mass are major limitations when the PCR technique is used (22) . The MAbs described to date are not species specific for L. monocytogenes, and none of them have been used to determine the virulence of isolates. Except for pathogenicity testing in a living system, which can take up to 10 days, there is no other detection method that can differentiate virulent L. monocytogenes strains from strains that are avirulent. Production of highly specific MAbs against known virulence factors, such as the production described in this paper, could play an important role in detecting virulent L. monocytogenes.
In the present study all of the L. monocytogenes strains examined except ATCC 15313 and CCF4 were positive for LLO production in immunoblot analyses performed with our MAbs and gave the same pattern that the anti-LLO MAbs produced by Nato et al. (41) gave. Based on inhibition of LLO-mediated hemolysis, it is evident that the anti-LLO MAbs produced in this study targeted the epitopes responsible for the lytic activity of the toxin or induced detrimental structural changes in the toxin. Two of the seven MAbs examined, SE1 and SE8 (both IgG3), reacted only with the strain EGD culture supernatant, and no other cross-reactions occurred. LLO is antigenically closely related to ILO (80% homology) and seeligerolysin (26, 28) ; thus, the cross-reactions of some of the anti-LLO MAbs with ILO were predictable. However, LLO does have the L. monocytogenes-specific epitopes which were demonstrated by SE1 and SE8, and MAbs SE1 and SE8 should be useful for distinguishing expression of LLO from expression of other thiol-activated toxins. Nato et al. (41) suggested that there are six antigenic determinants on LLO; however, the various reaction patterns which we observed with our MAbs and the results of Nato et al. (41) suggest that more than seven antigenic determinants are present on LLO.
The three MAbs that react with the 29-kDa antigen are most likely anti-PC-PLC MAbs. This conclusion is supported by the observation that PC-PLC-mediated lecithin degradation on egg yolk agar was inhibited by our 29-kDa antigen-specific MAbs. To our knowledge, this is the first description of MAbs against PC-PLC. All three anti-PC-PLC MAbs which we produced are highly specific, although the L. monocytogenes PC-PLC is broadly similar to phospholipase C enzymes of C. perfringens and B. cereus (49) . Limited cross-reactions did occur; we observed cross-reactions with L. ivanovii culture supernatant in the ELISA analysis and with a 27-kDa antigen from L. ivanovii in the Western blot analysis. The 27-kDa antigen is most likely the sphingomyelinase C antigen of L. ivanovii which is responsible for a positive CAMP reaction with R. equi (40, 50) . Sphingomyelinase C is considered a member of the phospholipase C family because phosphatidylcholine and sphingomyelin have the same head group, phosphoryl choline (49) . Neutralization of the sphingomyelinase activity of L. ivanovii by our MAbs is not out of the ordinary, and the fact that this occurs supports the hypothesis that L. monocytogenes PC-PLC exhibits broad homology or identity with other PC-PLC or PC-PLC-like molecules.
Nucleic acid sequences homologous to the prfA, plcA, plcB, mpl, hly, and actA genes of L. monocytogenes are present in two other hemolytic species of the genus Listeria, L. ivanovii and L. seeligeri (27) . Therefore, it is reasonable to expect that there are homologous regions in the phospholipases of the two pathogenic Listeria species, L. monocytogenes and L. ivanovii. However, Geoffroy et al. (24) , using rabbit antiserum raised against PC-PLC, showed that the 29-kDa PC-PLC of L. monocytogenes was not present in L. ivanovii culture supernatants.
Because of the lack of PC-PLC activity in L. ivanovii and the absence of antigenic similarity, Geoffroy et al. (24) concluded that PC-PLC of L. monocytogenes is different from sphingomyelinase C of L. ivanovii. Although L. ivanovii does not exhibit PC-PLC activity, it produces a positive reaction on egg yolk agar (24, 50) . This suggests that sphingomyelinase C can degrade lecithin, and the cross-reactions of our anti-PC-PLC MAbs were probably related to the composition of the head group (phosphoryl choline). The incidence of Listeria spp. in seafood and fish varies widely depending on the method used for isolation, the sample type, and the age of the sample, among other things. The incidence of different Listeria spp. in seafood and fish samples analyzed by the Food and Drug Administration between 1991 and 1996 was 8.7% (30) . There has been one documented report of Listeria spp. detected in catfish products (7) , and the majority of Listeria contamination cases in fish have involved cold or hot smoked salmon (18, 30) . However, in all of these cases decisions concerning product removal were based on detection of Listeria spp., not determinations of virulence. L. monocytogenes EGD and ATCC 19115, which were used in this study, are well-known pathogens and express both LLO and PC-PLC, as verified by our results. Two of our catfish isolates (CCF1 and HCC7) expressed both of these virulence factors, suggesting that these isolates are potential pathogens. The other two catfish isolates, CCF4 and HCC23, did not express either LLO and PC-PLC or PC-PLC, which placed these organisms in the nonpathogen category. Buchanan et al. (7) detected Listeria spp. other than L. monocytogenes; however, catfish samples which we analyzed in addition to the samples described in this paper were positive for L. monocytogenes and no other Listeria spp. (data not shown). The critical question to be answered is, are the L. monocytogenes strains detected in catfish virulent? At this time in vivo pathogenicity testing is the only way to determine the pathogenicity of L. monocytogenes.
Other tests for determining the virulence properties of L. monocytogenes have been proposed and developed; these tests include tests for cell culture invasiveness, virulence gene detection (15) , antibodies to LLO (41) , and lecithinase production on egg yolk agar (24) . However, although these methods are valuable, none is totally reliable for determining L. monocytogenes virulence. As mentioned above, nucleic acid probes are highly specific and sensitive; however, these probes do not differentiate between gene presence and gene expression. Considering the specific reactions of the anti-LLO MAbs and anti-PC-PLC MAbs produced in the present study, we could speculate that MAbs should be useful for detecting pathogenic L. monocytogenes strains in food and clinical specimens. In addition, the reaction of our MAbs with L. ivanovii makes them useful for detecting this organism in veterinary clinical samples. Our results suggest that some channel catfish isolates lack crucial virulence factors (LLO and/or PC-PLC) that are required for pathogenicity. This finding is important to catfish producers and processors because recalls based on detection of L. monocytogenes rather than virulence could have devastating consequences. Therefore, additional studies should be performed with these MAbs in order to verify that they are useful in methods for rapidly detecting L. monocytogenes in foods and clinical specimens.
